We demonstrate off-resonant coupling between a single quantum dot and a nanobeam photonic crystal cavity, under resonant excitation of the dot or the cavity. We confirm that this is an incoherent phonon-mediated process. One of the most promising platforms for solid state cavity quantum electrodynamics (CQED) is provided by a semiconductor quantum dot (QD) coupled to a photonic crystal cavity [1] . Although the initial experiments with this system were primarily motivated by its atomic counterpart, constant interaction of the QD with its fluctuating environment gives rise to several phenomena unique to this solid state system, such as the off-resonant dot-cavity coupling [2] . While this effect has already been demonstrated and thoroughly modeled in a two-dimensional photonic crystal slab cavity, other cavity geometries may provide better opportunities to coherently control and enhance the off-resonant interaction. In particular, nanobeam photonic crystal cavities show great promise as a practical implementation of a quantum dot CQED system [3] . In this work, we demonstrate phonon-mediated off-resonant coupling between a QD and a nanobeam photonic crystal cavity, under resonant excitation of either the QD or the cavity.
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The nanobeam photonic crystal is fabricated from a 164 nm thick GaAs membrane with an embedded layer of InAs quantum dots using electron-beam lithography [1] , and the cavity is formed by tapering the central holes and lattice constant [4] . A scanning electron micrograph (SEM) of the fabricated nanobeam cavity is shown in Figure 1 (a). Based on this SEM, 3D finite-difference time-domain (FDTD) simulations were used to obtain the cavity resonance shown in Figure 1 (b), depicting the E y field profile. These simulations predict a center wavelength of l = 914 nm, with a quality factor of Q ≈ 20, 000. The cavity can be characterized by exciting the quantum dot layer above-band, and observing the resulting photoluminescence that pumps the cavity resonance. A Lorentzian fit, shown in Figure 1(c) , yields a center wavelength of l = 935.32 nm and a quality factor of Q = 3, 804. Replacing the above-band source with a laser tuned to the cavity wavelength yields the transmission measurement of the cavity resonance, shown in Figure 1(d) . As the laser is tuned across the cavity resonance, the cross-polarized reflectivity signal mimics a transmission study of the cavity, resulting in a center wavelength of l = 935.33 nm and a quality factor of Q = 4, 058. These measurements, while consistent with each other, do not match exactly with the results predicted by FDTD simulations. This discrepancy can be attributed to a thin layer of GaAs still present in the holes of the photonic crystal, which can be seen in the SEM of Fig.  1(a) . These measurements were performed at a temperature of 30K.
Scanning the excitation laser across the cavity resonance shows evidence of off-resonant coupling from the cavity to several nearby quantum dots, as shown in Figure 2(a) . When the laser is on resonance with the cavity, emission is observed from quantum dots located at l = 934.5 nm (labeled QD1) and l = 935 nm (labeled QD2), although they are at higher energies relative to the excitation laser. We also observe the reverse effect, i.e., off-resonant coupling from each of these dots to the cavity: Fig. 2(a) shows that when the laser is on resonance with either QD1 or QD2, emission is observed from the cavity. In order to confirm the presence of off-resonant coupling, linewidth measurements can be extracted from the laser scan. Figure 2(b) shows the collected emission from QD1 (at l ∼ 934.5 nm) while the laser is scanned across the cavity resonance. The measured linewidth of 0.3 nm (Q ≈ 3120) and center wavelength of 935.3 nm matches the cavity resonance as measured earlier, even though the emission is collected from the quantum dot. Similarly, Figure  2 (c) shows the collected emission from the cavity (at l ∼ 935.3 nm) while the laser is scanned across the QD1 line, resulting in a measured linewidth of 0.07 nm and a center wavelength of 934.45 nm. A power dependent study of the cavity and the QD emission shows that as the laser power is increased, the emission from both the quantum dot ( Figure  2(d) ) and the cavity (Figure 2(e) ) saturates, indicating the process is phonon-mediated.
We have demonstrated off-resonant coupling between a quantum dot and a nanobeam photonic crystal cavity, with photons being transferred from the optical cavity to the quantum dot, as well as the reverse. Pursuing control of the phonon-mediated off-resonant interaction of a quantum dot with an optical cavity holds great promise for obtaining a better understanding of the role of phonons in solid state CQED.
